HfO 2 is commonly used as a high-j dielectric in stateof-the-art complementary metal-oxide-semiconductor devices. HfO 2 layers are usually grown in the amorphous phase and can be crystallized during a rapid thermal anneal. In recent years, ferroelectric properties have been discovered in polycrystalline HfO 2 layers doped with Y, 1 Sr, 2 Gd, 3 Zr, 4 Al, 5 and Si, 6 which is ascribed to the metastable, noncentrosymmetric, orthorhombic phase (Pbc2 1 ) 7 being stabilized by the dopants. While common ferroelectrics like lead zirconate titanate are difficult to integrate into the existing CMOS technology, 8 doped HfO 2 can overcome this disadvantage. Thus, doped HfO 2 is an attractive ferroelectric candidate for ferroelectric random access memories 9 or negative capacitance field effect transistors.
In this work, we investigated the properties of 5% Lu doped HfO 2 (HfLuO) layers. The layers were deposited by pulsed laser deposition (PLD) 11 which offers a stoichiometric deposition of the layer. For electrical characterization, metal-insulator-metal (MIM) structures with TiN top and bottom electrodes were grown and investigated by polarization-voltage (PV), currentvoltage (IV), and capacitance-voltage (CV) measurements.
Planar 20 Â 20 mm 2 MIM structures were fabricated. 8 in. Si wafers were RCA cleaned before 40 nm TiN was deposited as the bottom electrode by reactive sputtering. The wafers were cut into 20 Â 20 mm 2 pieces and cleaned with acetone and isopropanol before depositing the ferroelectric layer. The HfLuO layers were grown by PLD using a KrF excimer laser (pulse width: 20 ns, fluence of 2.5 J cm
À2
, and wavelength: 248 nm) at room temperature. The target for deposition was prepared using hafnium oxide (HfO 2 , 99.9%) and lutetium oxide (Lu 2 O 3 , 99.9%) powders. Appropriate amounts of the powders were mixed together and ground by ball milling using zirconia grinding balls. Thereafter, cylindrical green bodies 22 mm in diameter and 7 mm in height were formed by cold isostatic pressing at 800 MPa. Before pressing, the powder mixture was granulated by adding a binder to enhance the fracture strength of the green bodies. The binder was burnt off before sintering by firing at 600 C for 12 h in air. Sintering was performed at 1600 C for 8 h in air. The layer thickness varied from 10 to 40 nm.
After deposition of the HfLuO layer, a 40 nm TiN top electrode was sputtered and 50 nm Pt contacts were deposited by electron beam evaporation via a shadow mask. The samples were annealed at temperatures between 400 and 700 C for 30 s in Ar using a Mattson Helios. The TiN in between the Pt pads was etched by reactive ion etching and SC1 at room temperature after annealing. For electrical characterization, two top contacts with an area ratio of 400 (4 mm 2 :0.01 mm 2 ) were contacted. Since capacitors connected in series are added reciprocally, the measured capacitance is approximately equal to the capacity of the small pad. The samples were investigated by PV using an aixACCT TF 2000 and by CV and IV using an Agilent E4980A precision LCR meter. The CV measurements were performed at a frequency of 100 kHz and with a 50 mV ac probing signal. The layer thickness was determined from x-ray reflectivity, and the structure was measured by grazing incidence x-ray diffraction (GIXRD). The FIB lamella was prepared using a Helios NanoLab 400S. Before cutting, an Au layer was sputtered on top. The lamella was cut at 30 keV and polished at 5 keV. A Fischione NanoMill Model 1040 was used for further ion milling and surface cleaning the lamella at 900 eV and 500 eV by Argon, respectively. The structures were investigated by transmission electron microscopy (TEM) with FEI Tecnai G2 F20 12 operated at 200 kV.
Ferroelectric properties have been investigated by measurements of polarization and capacitance. In particular, the influence of the annealing temperature on the ferroelectric properties has been studied. . 15 In the IV curve [s. Figs. 1(a)-1(c) red line], the so called "wake-up" of the ferroelectric domains is visible by the increasing current density. While at the initial state of the ferroelectric layer no increase in the current density is visible at an electric field of 1.6 MV/ cm and À1.5 MV/cm, the current density increases after 10 6 cycles up to À0.38 A/cm 2 and 0.35 A/cm 2 . This is related to the switching of the ferroelectric domains resulting in a detectable current. From CV measurements, the permittivity (j) was calculated showing two characteristic peaks, which reach a maximum value of 20.5 [see Fig. 1(d) ]. The permittivity is much lower compared to PLD deposited HfYO 2 14 (40) and PLD deposited HfGdO 2 15 (50). The reason for the lower permittivity could be an interfacial layer or a mixture of the ferroelectric phase and a low j phase. Further cycling of the oxide decreases the permittivity, which has been reported for other PLD deposited layers, 14 too. The initial state is stabilized in a temperature range from 400 to 600
C. An initial stable hysteresis is favorable for any application to keep the layer properties stable during operating life. Therefore, higher annealing temperatures were tested.
Figure 2(a) shows the characteristic PV measurement of a 30 nm HfLuO layer annealed at 700 C with initial P r values of 5 lC/cm 2 and À4 lC/cm 2 and E C values of 0.6 MV/cm 2 and À0.8 MV/cm 2 . Further "wake-up" cycles are needed to reach the maximum polarization of up to 11 lC/cm 2 and À10 lC/cm 2 , which is comparable to other PLD grown ferroelectric HfO 2 .
14,15 After 10 4 cycles, the maximum polarization is reached and does not increase with further cycling. From the measured CV curve, the relative permittivity is calculated [ Fig. 2(b) ] exhibiting the characteristic butterfly shape. The calculated permittivity is about 22.5 after 10 3 cycles, which is slightly higher compared to the layers annealed at 500 C. After 10 4 cycles, the permittivity is reduced, too. The influence of the layer thickness on the oxide properties is investigated for 10-40 nm thick HfLuO. In contrast to ALD grown layers, the PLD grown HfLuO layers show no thickness dependence of the polarization. This results from the deposition at room temperature other than for ALD deposited layers, which crystallize during growth, because of the higher process temperature. 
Annealing temperatures larger than 700
C cause increased leakage current.
A further important characteristic of a ferroelectric layer is the fatigue phenomena, which describes the change of the polarization by cycling. Figure 3(a) shows the fatigue measurement of the 500 C and 700 C samples at an electric field of 3 MV/cm, whereby the polarization is the sum of the absolute values of the positive and the negative P r . The sample annealed at 700 C reaches the maximum polarization after 10 4 cycles, while the sample annealed at 500 C attains the maximum polarization after 10 6 cycles. The assumed reason for the "wake-up" effect of HfO 2 is the redistribution of oxygen vacancies and a phase change in the layer. 16, 17 At the initial state, the oxygen vacancies are distributed inhomogeneous at the grain boundaries of the HfO 2 .
18 Therefore, some domains are pinned by the oxygen vacancies, so that they do not switch at the initial state and do not contribute to the measured P r . By cycling, the oxygen vacancies are redistributed, so that the domain wall pinning is abolished and more domains are switched by the applied field resulting in an increased polarization. Furthermore, the oxygen vacancy redistribution supports a phase transformation of the monoclinic and tetragonal phase to the ferroelectric orthorhombic phase increasing P r . The longer "wake-up" effect of the 500 C samples could be related to a more inhomogeneous distribution of the oxygen vacancies compared to the layer annealed at 700 C. Furthermore, the 700 C sample breaks down after 10 6 cycles, while the 500 C sample endures up to 10 7 cycles. 14 Both samples show no reduction of P r before breakdown. PLD grown HfYO 2 achieves a comparable amount of cycles (10 7 ) and no P r reduction before breakdown at the maximum polarization. 14 Figure 3(b) shows the GIXRD of both samples exhibiting two peaks at 28.4 and 31. 7 , which can be assigned to the monoclinic phase. Since monoclinic HfO 2 is known to exhibit only a permittivity of 20, 19 compared to other ferroelectric layers (j$40), 14 the reduced permittivity can be explained by the presence of the monoclinic phase. Furthermore, a peak at 30. 4 is visible, which indicates the existence of the orthorhombic/tetragonal phase, which cannot be distinguished due to the similar lattice parameters. Since the ratio of the monoclinic and the orthorhombic/tetragonal peaks is comparable, the different initial behavior of the sample annealed at 500 C can result from a higher tetragonal ratio, which is assumed to be the antiferroelectric phase. 7 TEM bright and dark field images shown in Fig. 4 reveal the structural properties of the Si/TiN/HfLuO/TiN stack. The bright field image in Fig. 4(a) . The determined j of 22.5 is significantly lower. The fatigue behavior of HfLuO at the maximum P r (10 6 ) is one magnitude smaller compared to HfYO 2 (10 7 ). For further optimization, the fabrication needs to be optimized especially in respect of the Lu content. Nevertheless, 5%-Lu doped HfO 2 exhibits the potential to change the initial ferroelectric properties. Thus, the material offers a large number of possible applications, which can be fabricated using a constant dopant concentration. Antiferroelectric HfLuO could be used for energy storage, infrared sensing for thermal imaging 7 or as a nonvolatile storage with a fixed internal bias field, 20 while ferroelectric HfLuO can be used for ferroelectric random access memories 9 or negative capacitance field effect transistors. 10 Further research will investigate the reason for the different initial properties and the cause for the pinched hysteresis.
In summary, we have fabricated MIM structures with TiN electrodes and 5%Lu-doped HfO 2 . The Lu doping resulted in a stabilization of the ferroelectric phase. The initial oxide properties depend on the annealing temperature, resulting in a pinched hysteresis at 400-600 C, showing ferroelectricity at 700 C and increased leakage current at higher annealing temperatures. The pinched hysteresis could result from an initial antiferroelectric phase or other effects like domain wall pinning. 13 Thus, 5%-Lu doped HfO 2 offers a large variety of applications. Cycling of the layers annealed at 500 C switches the pinned hysteresis to a ferroelectric behavior. HfLuO annealed at 700 C achieves a P r of 11 lC/ cm 2 and shows stable polarization up to 10 6 cycles, while breakdown occurs suddenly without reduced polarization. All layers are partially monoclinic proven by GIXRD. The permittivity is about 22.5 and low compared to other ferroelectric layers due to a partially monoclinic oxide. TEM images of a sample annealed at 700 C show a rough interface between the HfLuO and the TiN. Furthermore, the layer is completely crystallized and exhibits grains up to 82 nm width.
